We investigate the emission properties of excitons in GaAs nanowires containing quantum disks formed by structural alternation between the zinc-blende and wurtzite phases, by means of temperature-dependent photoluminescence. At 10 K the emission from an ensemble of disks is distributed in a band of full width at half maximum ∼30 meV, whereas the emission linewidth for a single disk is 700 μeV. While the disk ensemble emission exhibits an S-shaped temperature dependence, the emission from single quantum disks follows the temperature dependence of the band gap over the whole temperature range. This indicates that intradisk exciton localization on impurities is negligible and that increasing the temperature induces a transfer of excitons from narrow to thick disks along the length of the wires. Our observations of the emission linewidth for single crystal-phase quantum disks show a scattering rate of excitons with acoustic phonons eight times larger than the values usually reported for (Al,Ga)As/GaAs quantum wells. This large scattering rate demonstrates that the electron effective mass in wurtzite GaAs is much heavier than in zinc-blende GaAs and is evidence of coupling between the 7 and 8 conduction bands of wurtzite GaAs. While most bulk non-nitride III-V semiconductors crystallize in the zinc-blende (ZB) phase, nanowires can crystallize as wurtzite (WZ), ZB, or polytypic combinations of these.
We investigate the emission properties of excitons in GaAs nanowires containing quantum disks formed by structural alternation between the zinc-blende and wurtzite phases, by means of temperature-dependent photoluminescence. At 10 K the emission from an ensemble of disks is distributed in a band of full width at half maximum ∼30 meV, whereas the emission linewidth for a single disk is 700 μeV. While the disk ensemble emission exhibits an S-shaped temperature dependence, the emission from single quantum disks follows the temperature dependence of the band gap over the whole temperature range. This indicates that intradisk exciton localization on impurities is negligible and that increasing the temperature induces a transfer of excitons from narrow to thick disks along the length of the wires. Our observations of the emission linewidth for single crystal-phase quantum disks show a scattering rate of excitons with acoustic phonons eight times larger than the values usually reported for (Al,Ga)As/GaAs quantum wells. This large scattering rate demonstrates that the electron effective mass in wurtzite GaAs is much heavier than in zinc-blende GaAs and is evidence of coupling between the 7 and 8 conduction bands of wurtzite GaAs. While most bulk non-nitride III-V semiconductors crystallize in the zinc-blende (ZB) phase, nanowires can crystallize as wurtzite (WZ), ZB, or polytypic combinations of these. [1] [2] [3] [4] [5] Polytypism is usually considered detrimental in bulk semiconductors, 6, 7 but recent reports have revealed the possibility of tuning the crystal phase along the length of III-V nanowires. 1, 2, [8] [9] [10] A new method of confining charge carriers can then be achieved by the alternation of ZB and WZ segments along the length of the wires. 5 In these so-called crystal-phase quantum structures, 5 electrons are confined to the ZB and holes to the WZ segments of the wires, forming type-II heterostructures. 11 Single-photon emission at 4 K from InP individual crystal-phase quantum disks has recently been reported, 5 and polarization-resolved photoluminescence (PL) experiments performed on GaAs nanowires in the 4-20 K temperature (T ) range have revealed that the ground state of the excitons bound to crystal-phase quantum disks is formed by heavy holes. 12 Numerous features of these crystalphase quantum disks have still to be fully understood, and in particular, the mechanisms of exciton localization and delocalization occurring in polytypic wires at intermediate T remain unclear.
In this study, we investigate the localization mechanisms of excitons in polytypic GaAs wires grown by molecular beam epitaxy through T -dependent photoluminescence between 4 and 170 K. At low T , excitons are bound to crystal-phase quantum disks. Comparing the T dependence of the PL from ensemble and single nanowires, we show that intradisk localization phenomena are negligible and that exciton hopping from narrow to thicker disks is activated for T typically above 20 K. From the T dependence of the exciton linewidth in single quantum disks, we finally demonstrate that the scattering of excitons with acoustic phonons is much more efficient in crystal-phase quantum disks than in (Al,Ga)As/GaAs quantum wells.
GaAs nanowires have been grown by molecular beam epitaxy (MBE) on a SiO 2 -coated (111)B GaAs substrate. As reported previously in Ref. 13 , the growth temperature was set to 630
• C, and the As partial pressure was continuously varied from 8.8 × 10 −7 to 3.0 × 10 −6 mbar. The resulting wires are typically a few micrometers long with a diameter of 100-200 nm. Since dangling bonds in GaAs induce states close to the middle of the gap, 14 the wires were capped with an (Al,Ga)As shell to reduce the efficiency of nonradiative recombination via surface states. 15, 16 High-resolution transmission electron microscopy (HRTEM) has been performed using a Schottky field emission gun working at 300 kV with a point-to-point resolution of 0.17 nm, and scanning electron microscopy has been carried out with a microscope operating at 7 kV. Figures 1(a) and 1(b) show typical HRTEM micrographs of sections of the nanowire presenting a mixture of ZB and WZ. The thickness of the sections (disks) typically varies between 1 and 10 nm. The wires studied are polytypic, with an equivalent average volume fraction of the ZB structure of at least 80%. In this sample, the density of twins varies between 1 and 500 μm −1 along the nanowire axis. The HRTEM micrographs of Figs. 1(a) and 1(b) correspond to a region with a higher density of polytypism. The PL of the GaAs wires was excited with a He:Ne laser (excitation wavelength λ = 632.8 nm). PL experiments on ensembles of as-grown wires were performed in an exchange gas cryostat. We estimate the diameter of the excitation spot to be 80 μm and the excitation power density was kept between 0.01 and 5 W/cm 2 . We rule out that the detected PL could originate from the (111)B GaAs substrate, as (i) the wire distribution in the as-grown sample is dense [ Fig. 1(c) ] and (ii) similar results were obtained on ensembles of wires dispersed on a Si substrate. In order to perform PL measurements on single wires, we mechanically dispersed the wires onto an Au grid fixed to a p-doped Si substrate [ Fig. 1(d) ]. The sample was placed in a continuous flow coldfinger cryostat mounted on a nanopositioning stage with minimum motor step of 100 nm. Micro-PL experiments were performed in a confocal system using a high-numerical-aperture objective (0.5 NA), allowing for focusing of the laser beam down to a 1.5-μm-diameter spot. The wires were excited with optical power of 4 nW. The wire emission was analyzed with a spectrograph of focal length 640 mm, using either a 600 or 1200 grooves per mm grating, followed by detection on a Peltier-cooled CCD.
Figure 2(a) shows PL spectra taken between 10 and 170 K with an excitation density of 5 W/cm 2 for an ensemble of as-grown GaAs wires. The PL at 10 K is dominated by a broad emission centered at 1.483 eV with full width at half maximum (FWHM) of 30 meV. On the high-energy side of this band, we observe additional shoulders at 1.496 and 1.510 eV as well as a narrow emission line (FWHM = 2 meV) centered at 1.516 eV. Although the precise value of the band gap of WZ GaAs is still debated, 8, 13, [17] [18] [19] [20] [21] [22] [23] recent resonant Raman scattering experiments performed on WZ GaAs nanowires have indicated that the WZ and the ZB phases of GaAs have a similar band gap. 8 As a consequence, we attribute the emission at 1.516 eV to the recombination of excitons in purely ZB or WZ segments. We also ascribe the 2 meV inhomogeneous broadening of the 1.516 eV line to a possible slight difference between the band gaps of WZ and ZB GaAs, as well as to the variation of strain state along the wires, as revealed by micro-Raman experiments on GaAs nanowires. 24 Regarding the broad PL at 1.483 eV and its higher-energy shoulders, their origin can be twofold. These lines correspond in energy to the emission from the polytypic regions of the wires, i.e., to the emission from the ensemble of crystal-phase quantum disks, and also to the energy of transitions involving carbon impurities. 20 When T is increased, one can note from Fig. 3 that the emission line at 1.516 eV continuously redshifts, following the empirical Varshni relation
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The T dependence of the emission energy of this line can be satisfactorily fitted using α = 0.85 meV/K and β = 650 K, which are in the range of the values reported for bulk ZB GaAs. 26 Concerning the broad emission at 1.483 eV at 4 K, the T dependence of its peak energy does not follow the Varshni formula (Fig. 2 ). This is in contradiction to what has been reported for conduction-band-acceptor transitions related to carbon, 27 and we therefore ascribe the band at 1.483 eV to the emission from the polytypic regions of the wires. We attribute the 30 meV inhomogeneous broadening of the 1.483 eV emission to the distribution of quantum disk thicknesses and to the variation of disk-disk coupling schemes in the wire ensemble. 13, 28 In Fig. 3 we present the T dependence of the emission energy from the disk ensemble and from the purely ZB and WZ segments for various excitation densities. For an excitation density of 5 W/cm 2 , the emission from the disk ensemble first redshifts by 10 meV between 10 and 120 K, then blueshifts by ∼1 meV from 120 to 140 K before finally redshifting again. This so-called "S-shaped temperature dependence" is typical of disordered systems and has, for instance, already been reported for (In,Ga)N/GaN quantum wells, 29 (Ga,In,N,As)/(Ga,As,N) quantum wells, 30 or for basal stacking faults in wide band-gap semiconductors. [31] [32] [33] We attribute the initial redshift observed here to the detrapping of excitons from the shallowest traps in favor of the deepest ones. This is confirmed by the vanishing of the high-energy shoulders of the quantum disk emission band when T is increased from 10 to typically 35 K (Fig. 2) . For higher T , excitons have enough thermal energy to fill higher-energy localized states, resulting in a blueshift of the emission together with an increase in emission intensity from the high-energy tail of the emission band (Fig. 2) .
Temperature-dependent PL experiments taken with lower excitation densities fully corroborate our picture [Figs. 2(b) and 3]. While the emission energy from the purely WZ and ZB regions of the wires remains constant when the excitation power is decreased from 5 to 0.01 W/cm 2 , we observe that (i) the peak emission energy of the crystal-phase quantum disk ensemble redshifts by 10 meV and (ii) the high-energy tail of the disk ensemble PL collapses, which we attribute to reduced localized state filling. 30 As shown in Fig. 3 , we also observe that the higher the excitation density, the less pronounced the Sshaped T dependence of the quantum disks' emission energy. A similar "S-shape bleaching" has recently been reported by Hammersley et al. for (In,Ga)N/GaN quantum wells and has been ascribed to the saturation of available localized states at high excitation densities. 34 We note, finally, that for excitation densities higher than 10 W/cm 2 , the PL from the WZ and ZB segments redshifts and broadens due to local laser-induced heating of the sample. 13 Although the T -and excitation-dependent experiments discussed above provide evidence of exciton localization along the wire length, the origin of the S-shaped T dependence observed in Fig. 3 remains to be fully clarified. In usual III-V semiconductor quantum wells, exciton localization occurs as a result of well-width fluctuation 35 or on potential fluctuations induced by alloy disorder in the well or in the barriers. 29, 36 The present GaAs/GaAs homostructures are of interest because any potential fluctuations from alloy disorder are excluded. Furthermore, we can eliminate thickness fluctuations of the quantum disks, as these have been shown to have interfaces flat to within a monolayer. 5 The S-shaped T dependence of the emission from the disk ensemble may originate from two effects. First, although crystal-phase quantum disks are clean structures, in the sense that they are free of well-width fluctuation and alloy disorder, there are still some impurities distributed in or away from the disk that can trap the excitons. These impurities not only contribute to the QW emission linewidth 37 but also can give rise, when the interface roughness is negligible, to additional emission lines at low T . 38, 39 Due to the type-II band alignment between WZ and ZB GaAs, 11 the spatial extent of the exciton wave function is large, making it sensitive to point defects distributed in the vicinity of the disks. 28 Such a localization process has, for instance, been observed for basal stacking faults in GaN or ZnO, as discussed in Refs. 33 and 40. The second possible origin for the S-shaped T dependence of the quantum disk emission is the thermal activation of a disk-to-disk hopping mechanism for excitons. The conduction and valence-band offsets between cubic and hexagonal GaAs are small enough 11, 13 for the thermal escape of excitons to be activated at intermediate T . The initial redshift observed in Fig. 3 would then simply result from the escape of carriers from the narrowest disks and their subsequent trapping by thicker ones.
In order to elucidate which of the mechanisms described above (intra quantum disk localization or exciton hopping along the wire length) is the dominant one, we have performed T -dependent micro-PL experiments on single polytypic GaAs nanowires. In Fig. 4(a) we display the PL spectra at 4 K for three different wires. The emission spectra from single nanowires consist of narrow emission lines centered between 1.460 and 1.510 eV. The narrowest lines observed can be fitted with Lorentzian curves with FWHM of ∼700 μeV [ Fig. 4(a) ] and we ascribe them to the recombination of excitons confined to quantum disks located in wire segments with a low twin density. We emphasize that the emission linewidths reported here for single GaAs crystal-phase quantum disks are similar to those reported for thick MBE-grown (Al,Ga)As/GaAs quantum wells (see, for instance, Ref. 41 , where a linewidth of 500 μeV is reported for a 20 nm-thick Al 0.3 Ga 0.7 As/GaAs single quantum well). When T is increased from 4 to 50 K, the emission from single crystal-phase quantum disks continuously redshifts, following the band-gap T dependence [ Fig. 4(b) ]. Note that for each temperature step, we had to compensate for the thermal drift of the sample holder. This was achieved by reoptimizing the position of the sample in order to maximize the PL signal from the disk of interest, a procedure that prevents us from making a quantitative analysis of the T dependence of the single disk emission intensity. In addition, despite this realignment procedure, the disk emission intensity decreases drastically, which prevents tracking of the emission line of single disks for T higher than ∼50 K. The purely monotonic T dependence for the emission energy of single quantum disks demonstrates that in contrast to what was observed in WZ/ZB homostructures for wide-band-gap semiconductors, intradisk localization effects are negligible in GaAs. This difference probably results from the small effective masses and the large dielectric constant of GaAs, compared to ZnO and GaN, both of which diminish the importance of excitonic effects. These observations strongly suggest that we may attribute the S-shaped T dependence displayed in Fig. 3 to the transfer of excitons from narrow to thicker disks distributed along the length of the wires. As further support for this, we note the increase of the intensity ratio between the emission from the purely ZB (or WZ) segments and that from the disk ensemble [ Fig. 2(a) ] for T above 20 K. This demonstrates that at 20 K, the escape of excitons from the quantum disks to the barriers is activated, enabling the transfer of excitons from narrow to thicker disks, i.e., from high-to low-energy emitting disks.
The evolution with T of the emission linewidthh brings additional information about the scattering of excitons with phonons (Fig. 5) . For T below 40 K,h increases monotonically, with a very nearly linear dependence on T . The exciton linewidth followsh (T ) =h 0 +h ac T +h LO N LO (T ), whereh 0 is the exciton broadening at 0 K, ac is the scattering rate of excitons with acoustic phonons, LO characterizes the coupling strength of excitons with longitudinal optical (LO) phonons, and N LO is the LO-phonon occupancy. 42 Despite the fact that the Fröhlich interaction is stronger in GaAs nanowires than in bulk material, 43 the LO-phonon energy is 36 meV (Ref. 44 ) and we can therefore safely neglect the influence of LO phonons on the emission broadening for T < 50 K. 41 From linear fits to the T dependence of the emission linewidth of several quantum disks, we find thath ac ranges between 9 and 41 μeV/K (Fig. 5) . In (Al,Ga)As/GaAs quantum wells grown along [001],h ac usually falls between 1 and 10 μeV/K. 41, 45, 46 Slightly enhanced exciton-acoustic phonon scattering rates (up to 12 μeV/K) have been observed in (In,Ga)As/GaAs quantum wires and have been ascribed to the effect of the lateral confinement. 47 This nevertheless does not apply to the GaAs quantum disks studied here, since the diameter of the wires is typically 100-200 nm [ Fig. 1(c) ] and the effect of lateral confinement can therefore be neglected. We emphasize that we did not notice any correlation ofh ac with the emission energy of the quantum disk.
In order to understand the physical origin of the large values ofh ac measured in GaAs crystal-phase quantum disks, we compute in the following the exciton-acoustic phonon scattering rate. The large uncertainties on the conduction-and valence-band offsets between WZ and ZB GaAs (Refs. 11, 13,21, and 48) hinder the exact calculation ofh ac using the model of Ref. 49 . An alternative approach has been proposed in Refs. 50 and 51, which gives for the exciton-acoustic phonon scattering rate in a QW,
where D, M, u, and ρ are the interband hydrostatic deformation potential, the in-plane exciton mass, the longitudinal sound velocity, and the density, respectively. For quantum wells with infinite barriers, L z is the quantum well thickness. 50 In the case of crystal-phase quantum disks, however, the exciton wave function spreads significantly into the barriers 28 and L z characterizes the spatial extension of the exciton wave function along the confinement axis. 51 In Fig. 6 we plot the evolution ofh ac with respect to M and L z , taking ρ = 5316.5 g/cm 3 (Ref. 52) , u = 4726 m/s (Ref. 53) , and D = 8.5 eV. 26, 54 In agreement with recent ab initio calculations, we assume D to be the same for both the WZ and the ZB phases of GaAs. 55 In the ZB domains, the in-plane exciton mass is M ZB = m e + m h, [110] = 0.71m 0 , where m h, [110] is the hole effective mass along the 110 direction (we use the Luttinger parameters given in Ref. 26) . Concerning the exciton translational mass in the WZ segments (M WZ ), its value remains uncertain due to the lack of report for the effective hole mass along the nonpolar directions. However, we can safely assume that M WZ is equal to or larger than M ZB , the possible coupling of the 7 conduction band with the (heavier) 8 band leading to an increase in electron effective mass. 13, 56, 57 We mention, for instance, that an electron effective mass of 1.092m 0 has been reported in Ref. 13 for WZ GaAs. Now, due to the type-II band alignment between WZ and ZB GaAs, the wave function of an exciton bound to a ZB (WZ) disk spreads significantly inside the WZ (ZB) barriers: 28 The exciton-phonon scatteringh ac,ZB computed using M = M ZB provides, therefore, a lower limit forh ac in GaAs crystal-phase quantum disks.
In Fig. 6 we displayh ac,ZB together with the experimental h ac deduced from Fig. 5 for three distinct quantum disks. On the one hand, disks exhibitingh ac of the order of 10 μeV/K correspond to excitons with M close to M ZB , which leads to the conclusion that the electron wave function of these excitons spreads mainly in segments with ZB phase. This is, e.g., the case for excitons localized on thick ZB inclusions. On the other hand, we attributeh ac as large as 40 μeV/K to quantum disk excitons with large probability of the electron being found in the WZ phase. This occurs, for instance, when an exciton is bound to a 3-monolayer-thick ZB segment. 28 This implies that the exciton translational mass in WZ GaAs is much heavier than M ZB , supporting qualitatively the assumption of coupling between the 7 and 8 conduction bands in WZ GaAs. Finally, we note that a heavier electron effective mass in the GaAs WZ phase also results in a smaller exciton Bohr radius, which is in qualitative agreement with the trend observed for L z in Fig. 6 .
In conclusion, we have measured the temperature dependence of the photoluminescence from GaAs crystal-phase quantum disks embedded in GaAs nanowires. The emission at 10 K from crystal-phase quantum disks in an ensemble of wires exhibits inhomogeneous broadening of 30 meV, and the emission linewidth from single quantum disks is typically 700 μeV. When temperature is increased, the energy of emission from an ensemble follows an S-shaped temperature dependence, which we interpret as evidence of exciton redistribution among states within the polytypic wires. In contrast, the emission lines from single quantum disks redshift monotonically, following the temperature dependence of the band gap. This not only indicates that intradisk exciton localization on impurities can be neglected, but also allows us to ascribe the S-shaped temperature dependence observed for the emission from the ensemble of disks to the thermal activation of disk-to-disk exciton hopping mechanisms along the length of the wires. We observe in single crystal-phase quantum disks a coefficient for the temperature linear term in the exciton linewidth up to 41 μeV/K, corresponding to an acoustic phonon scattering rate eight times larger than the values typically reported for (Al,Ga)As/GaAs quantum wells. We attribute this efficient scattering to the large electron effective mass in wurtzite GaAs, as a result of the coupling between the 7 and 8 conduction bands of wurtzite GaAs. 
